Objective: The bidirectional cavopulmonary connection (BCPC) has shown excellent results as an intermediate step towards permanent palliation in functional single ventricle morphology. The optimal timing of the BCPC, though, remains unclear. This investigation focuses on results in a subgroup of patients under 6 months of age. Methods: Between 2001 and 2006, 124 patients received a BCPC followed by an extracardiac total cavopulmonary connection (TCPC). Review of 84 angiograms before BCPC and before TCPC allowed for analysis of haemodynamic findings and measurement of the diameters of the pulmonary arteries. Twenty-eight patients were below 6 months of age at the time of BCPC (group 1), whereas 56 were above 6 months of age (group 2). Results: Age at time of BCPC was 4.6 AE 1 months (range 2-6 months) for group 1, compared to 16.6 AE 17 months (range 6-98 months) for group 2 ( p < 0.001). The most common diagnosis was a hypoplastic left heart syndrome (HLHS) in 16 patients (19%). The rate of patients with HLHS was higher in group 1 than in group 2 ( p = 0.006). There was a significant increase in oxygen saturation from 73 AE 11% prior BCPC to 83 AE 6% prior to TCPC in group 1 ( p = 0.001) and from 75 AE 8% to 83 AE 6% in group 2 ( p = 0.003) respectively. The mean pulmonary artery pressure decreased from 18 AE 10 mmHg before BCPC to 9 AE 2 mmHg before TCPC in group 1 ( p < 0.001) and from 14 AE 7 mmHg to 8 AE 3 mmHg in group 2 ( p = 0.001). The pulmonary artery diameters increased in both groups between BCPC and TCPC, except for the left pulmonary artery in group 2. Nevertheless, the pulmonary arteries remained too small for the given body surface area. Conclusion: Early unloading of the functional univentricular heart by means of BCPC without additional pulmonary blood flow is feasible even in very young patients. Favourable haemodynamics and reasonable increase in pulmonary artery size allow for good condition prior to completion to TCPC. #
Introduction
In patients with functional single ventricle, the bidirectional cavopulmonary connection (BCPC) has shown to be an important procedure prior to the completion of a total cavopulmonary connection (TCPC) [1, 2] . Substantial benefits from the BCPC are an increase in arterial oxygen saturation and a volume unloading of the functional single ventricle with preservation of the ventricular function [3] . The BCPC is commonly performed as a staged procedure after the placement of a systemic-to-pulmonary artery shunt. After BCPC, the perfusion of the lungs by means of a low pressure circulation protects the pulmonary vascular bed and the removal of the systemic-to-pulmonary artery shunt restores diastolic blood pressure and thus normalises coronary blood flow [4, 5] . The best timing for a BCPC is not clear, but reports on interstage mortality after the stage I Norwood procedure [6, 7] , led to a trend towards earlier timing of the stage II procedure [8, 9] . In addition, some patients require an early BCPC after the Norwood procedure due to desaturation. However, haemodynamic performance and pulmonary artery growth after BCPC at a younger age remains unknown. The present study focuses on haemodynamic performance and pulmonary artery sizes before and after BCPC, performed prior to and after the age of 6 months.
completion to a TCPC between 2001 and 2006. Then, a review of the medical records of all patients was undertaken and the angiograms performed before and after BCPC were analysed. In the case of a missing angiogram, the patients were excluded from the study. These patients had been referred from other paediatric cardiology centres, where angiography had been performed, but the actual films were not available for evaluation. Diagnoses, previous operations, operative data, postoperative arterial oxygen saturation, postoperative pulmonary artery pressure measured in the superior vena cava and postoperative morbidity were obtained by reviewing the medical records of the patients. Haemodynamic results were drawn from the angiograms.
Patients
A total of 124 patients received a BCPC followed by an extracardiac TCPC at our institution between 2001 and 2006. Forty patients were excluded from the study because of missing angiograms. From the remaining 84 patients, 28 (33%) were 6 months or less of age at the time of BCPC. They constituted group 1, whereas patients who were older than 6 months of age represented group 2 (n = 56). Timing of BCPC was decided jointly by paediatric cardiologists and surgeons at their discretion or, if appropriate, depending on clinical features such as decreasing oxygen saturation. During the study period, the policy of our institution changed, and we perform a BCPC now at the age of 3 months and progress to an extracardiac TCPC without fenestration at a body weight of at least 10 kg.
Operative data
The BCPC was performed through a median sternotomy with normothermic cardiopulmonary bypass in all patients. In 23 patients (27%) the aorta was clamped and the heart arrested with antegrade cold crystalloid cardioplegia for the purpose of additional intracardiac procedures. The remaining 61 patients (73%) were operated on with the heart beating. After extensive preparation of the pulmonary arteries and the superior vena cava (SVC) up to the innominate vein, the SVC was transected at the level of the right atrium and the latter closed with a continuous suture. The azygos vein was ligated and transected in all patients. The SVC was anastomosed to the superior edge of the right pulmonary artery with a 7/0 resorbable running suture in an end-to-side fashion. In cases of bilateral SVC the vessels were anastomosed to both pulmonary arteries, respectively. In all patients, any source of additional pulmonary blood flow was interrupted at the time of BCPC. This included the ligation and take-down of any previous shunt or the closure of the pulmonary valve and transection of the pulmonary trunk, if appropriate. A patch enlargement of the pulmonary artery was performed in 36 patients (43%) at the time of BCPC.
Review of angiograms
The angiograms of all 84 patients were reviewed by one person. We reviewed one angiogram prior to BCPC and one prior to TCPC. If more than one angiogram had been performed, the one closest to the date of surgery was reviewed for data acquisition. This resulted in a median of 7 days prior to BCPC and 28 days prior to TCPC. The angiogram prior to TCPC was performed at a median time of 15 months after the BCPC. Haemodynamic data collected for analysis comprised the mean pulmonary artery pressure (PAP), the mean atrial pressure, the mean ventricular end-diastolic pressure (VEDP) measured in the dominant ventricle, the mean oxygen saturation, measured either in the aorta or in the dominant ventricle, the pulmonary to systemic blood flow ratio (Q p /Q s ) and the pulmonary to systemic resistance ratio (R p /R s ). By means of contrast injection in the dominant ventricle, its function was assessed and described as good, mildly impaired, moderately impaired or severely impaired. The diameter of the pulmonary arteries was measured in millimetres just adjacent to the bifurcation into the pulmonary lobe arteries after injection of contrast through either the native pulmonary artery or a systemic-topulmonary artery shunt prior to BCPC. Prior to TCPC, the same measurements were repeated after contrast injection through the BCPC. Z-scores were derived from the normal values described for children with the same body surface area [10] .
Statistical analysis
Descriptive statistics are described as frequencies and percentages for categorical variables and as medians with range or means with standard deviation for continuous variables. Univariate comparisons for categorical variables were examined with the two-tailed x 2 -test or, when appropriate, Fischer's exact test. Continuous variables within one group at different times were compared with the Wilcoxon test for two dependent variables. Continuous variables between both groups were compared using the Mann-Whitney test for two independent samples. Statistical significance was defined as p < 0.05. Statistical analysis was done using SPSS statistical software (Version 15.0.1, SPSS Inc, Chicago, IL).
Results

Patients
Age and weight at time of BCPC were 4.6 AE 1 months (range 2-6 months) and 5.5 AE 1 kg (range 3.8-7.4 kg) in group 1, and 16.6 AE 17 months (range 6-98 months) and 8.9 AE 4.2 kg (range 4.7-31 kg) in group 2 respectively ( p < 0.001). The most common aetiology for the single ventricle morphology was a hypoplastic left heart syndrome (HLHS) in 16 patients (19%). The rate of patients with HLHS was higher in group 1 than in group 2 ( p = 0.006). Other diagnoses were different types of double inlet left ventricle in 15 patients (18%), tricuspid atresia in 15 (18%), double outlet right ventricle with hypoplastic left ventricle in 9 (11%), pulmonary atresia with intact ventricular septum in 7 (8%), unbalanced complete atrioventricular septal defect in 5 (6%), congenitally corrected transposition of the great arteries in 4 (5%), heterotaxy syndrome in 4 (5%) and other types of complex functional single ventricles in 9 patients (11%). All but 10 patients (12%) had undergone a previous procedure, primarily a systemic-to-pulmonary artery shunt (67 patients, 80%). In 57 patients (68%), the shunt was the only source of pulmonary blood flow, in 10 patients (12%) the source of pulmonary blood flow was mixed and in 17 patients (20%) the source of pulmonary blood flow was exclusively through the native pulmonary artery. According to the higher rate of HLHS and Norwood I procedures in group 1, these patients presented more often with a right-ventricle to pulmonary artery shunt ( p < 0.001). Patients in group 2 more often had a central shunt ( p = 0.004).
Postoperative data
No patient died after BCPC. Postoperative morbidity included a temporary hemidiaphragm paralysis in four patients (group 1, n = 1, group 2, n = 3, p = 0.7), a superior vena cava syndrome in four patients (group 1, n = 3, group 2, n = 1, p = 0.1), rhythm disturbances in three patients (all in group 2, p = 0.5), a pericardial effusion which resolved with oral corticosteroid therapy in two patients (all in group 2, p = 0.5) and reoperation for bleeding in four patients (group 1, n = 1, group 2, n = 3, p = 0.7). No patient required postoperative insertion of a pleural drain for recurrent effusion or chylothorax. Two patients suffered from postoperative seizures. Two patients required interventional balloon dilatation of the LPA prior to TCPC, one of whom had been 2.3 months old at the time of BCPC. Single ventricle physiology with an extracardiac TCPC without fenestration was completed in all patients at a median time of 17 months after BCPC. Patients from group 1 were younger at the time of TCPC (23 AE 6 months), than patients from group 2 (35 AE 21 months, p < 0.001). One patient died after TCPC. Patients' characteristics are depicted in Table 1 .
Haemodynamic data
There was a significant increase in oxygen saturation from 73 AE 11% prior to BCPC to 80 AE 5% postoperatively in ICU in group 1 ( p = 0.001) and from 75 AE 8% to 80 AE 6% in group 2 ( p = ns). Oxygen saturation increased further prior to TCPC and reached a mean of 83 AE 6% in group 1 ( p = 0.001) and 83 AE 6% in group 2 ( p = 0.003) (Fig. 1) . The mean PAP decreased from 18 AE 10 mmHg prior to BCPC to 9 AE 2 mmHg prior to TCPC in group 1 ( p < 0.001) and from 14 AE 7 mmHg to 8 AE 3 mmHg in group 2 ( p = 0.001). There was no difference between groups (Fig. 2) . The postoperative mean transpulmonary gradient measured on ICU was 6 AE 4 mmHg in group 1 and 6 AE 3 in group 2 ( p = ns). The only difference between groups was a significantly lower mean atrial pressure in group 1 than in group 2 ( p = 0.02). The Q p /Q s and the R p /R s decreased in both groups. A mean ventricular end-diastolic pressure of more than 10 mmHg prior to BCPC was found in 14 patients. Overall, the mean ventricular enddiastolic pressures did not decrease after the BCPC in either group. Prior to BCPC, ventricular function was normal in 70 patients (83%) and mildly impaired in 14 patients (17%). Prior to TCPC, ventricular function was good in 70 patients, moderately impaired in 2 and mildly impaired in 12 patients. Haemodynamic data and comparison between groups are depicted in Table 2 .
Pulmonary artery sizes
The mean size of the right pulmonary artery (RPA) prior to BCPC was 7 AE 2 mm in group 1 and 9 AE 3 mm in group 2 ( p < 0.001). Prior to TCPC, the RPA diameter increased to 9 AE 2 mm in group 1 ( p < 0.001) and to 10 AE 2 mm in group 2 ( p = 0.013). The z-scores decreased in both groups, indicating an inadequate growth for the given body surface area. The LPA was bigger in group 2 than in group 1 prior to BCPC and prior to TCPC ( p = 0.001). The LPA size remained unchanged after BCPC in group 1 ( p = 0.054), and in group 2 ( p = 0.5). The z-scores for the LPA showed a significant reduction after the BCPC in both groups ( p = 0.001). Comparing the pulmonary artery sizes within one group, the LPA was 6 AE 2 mm, compared to 7 AE 2 mm for the RPA in group 1 ( p = 0.001). After the BCPC, the LPA was 7 AE 2 mm, compared to 9 AE 2 mm for the RPA ( p < 0.001). In group 2, the LPA was 8 AE 3 mm prior to BCPC, compared to 9 AE 3 mm for the RPA ( p = 0.02). After the BCPC the LPA was 8 AE 2 mm, compared to 10 AE 2 mm for the RPA ( p < 0.001). Results are depicted in Table 3 .
Discussion
In the present study, we could demonstrate that a BCPC can be performed with good results even at the age of 6 months or less. Younger patients compared with older patients showed no difference in oxygen saturation, ventricular function, end-diastolic pressures and pulmonary artery pressures. Furthermore, the postoperative morbidity was not different between groups after the BCPC. However, independent of age at time of BCPC, the pulmonary arteries did not grow in an adequate fashion. Although the actual pulmonary artery diameter increased after the BCPC in all patients, the z-scores decreased. The LPA of the children who had received a BCPC at a younger age remained smaller than in the patients operated at an older age.
The BCPC has shown excellent results as an intermediate step towards permanent palliation in functional single ventricles [1] [2] [3] . The optimal timing of the BCPC though, remains unclear. Clinical practice usually leads to a decision on the basis of the oxygen saturation or the ventricular function. Improved survival after the Norwood I operation in recent years, was overshadowed by an interstage mortality of more than 10% [6] . Improved monitoring of these patients showed that the oxygen saturation decreases with time after the Norwood I operation and therefore these patients may require an earlier BCPC [8] . Furthermore, in this study, the patients stopped gaining weight after 4 months of age, which suggested that there is no reason to postpone the BCPC to an older age [8] . Assuming that the interstage mortality is caused by an incremental shunt stenosis, an earlier BCPC may contribute to reduce it. Furthermore, knowledge about a steady decrease in oxygen saturation after the Norwood I operation, implies that a planned early BCPC leads to an advantage in survival. Our results show that an early and scheduled BCPC can be performed with good results. Numbers in parentheses represent the number of observations for the variable if different from the total. BCPC: bidirectional cavopulmonary connection, TCPC: total cavopulmonary connection, PAP: pulmonary artery pressure, VEDP: ventricular end-diastolic pressure, Q p : pulmonary blood flow, Q s : systemic blood flow, R p : pulmonary resistance, R s : systemic resistance. An early BCPC will result in an early volume unloading of the single ventricle, a reduction of the ventricular enddiastolic volume [11] and thus preserve the ventricular function [9] . A reduced systolic ventricular function in patients with single ventricle physiology has been reported in some patients [12] and is associated with a significant late morbidity as well as mortality [13] . Earlier BCPC and thus earlier reduction in end-diastolic volume has shown better outcome in patients below the age of 3 years compared to patients of 10 years and more, who had worse ejection fraction resulting in a bad condition for a successful TCPC [14] . Also, younger age and less time span between BCPC and TCPC is associated with less morbidity after TCPC [15] . In the present study, we could show that haemodynamic performance after BCPC was excellent, even if performed at an early age. However, the benefit of an early unloading of the ventricle on the ventricular function will need re-evaluation in the long-term.
Although excellent results with low morbidity and mortality after the BCPC in patients below the age of 6 months have been reported [9, 16] , some authors found a higher rate of pulmonary thrombosis [17] and a higher mortality [18, 19] in younger patients. In our patient cohort, postoperative morbidity was low and not different between groups. Some concern about low oxygen saturation in the early postoperative period has been stated and is associated with prolonged mechanical ventilation [9, 17, 20, 21] . Although the authors found that the saturations improved until the time of discharge from hospital, this feature might affect the early postoperative morbidity. In the present study, we have occasionally observed low saturations in small infants during the early postoperative period but our data show, that there was no difference in oxygen saturation between patients below and above 6 months of age.
There has been some concern about the pulmonary artery growth after the BCPC. Although there is an increase in pulmonary artery diameter after the BCPC, the z-score comparing the size with a healthy population remains lower than the average [22, 23] and stays even low after TCPC [24] . More recent reports show no differences in pulmonary artery sizes at time of TCPC between patients who had undergone BCPC at an earlier age, compared to patients who were older at the time of the BCPC [25] . Our results show, that the PA diameters are lower at any time in younger patients, but there is a significant increase in diameter after the BCPC, thus demonstrating a growth of the PAs. Our institutional policy is to remove all additional pulmonary blood flow at time of BCPC. It is well known that leaving additional pulmonary blood flow will result in a higher oxygen saturation and will shorten the time on ventilation as well as in intensive care unit [21] . But it remains controversial if it also leads to an increase growth of the PAs. Our results show that there is growth of the PAs after the BCPC without additional pulmonary blood flow, even though this growth is not adequate for the body surface area. The smaller size of the LPA can be explained by several factors. The place of an earlier systemic-to-pulmonary artery shunt on the RPA might have resulted in a bigger vessel, a large neoaorta could be narrowing the LPA and thus reducing the blood flow to it and the placement of a unilateral BCPC might also affect a preferential growth of the RPA.
In conclusion, we have shown, that a BCPC can be performed with excellent results even at an age of 6 months or less. Haemodynamic and clinical data demonstrate that the outcome is equal to older patients. For this reason, we will adhere to our current management, which is to opt for an elective BCPC at the age of 3-6 months and plan to complete a single ventricle physiology at a body weight of at least 10 kg. Although the pulmonary arteries grow after the BCPC, they remain too small for the given body surface area. But the sizes of the pulmonary arteries do not influence the clinical outcome. A continued observation of these children throughout childhood is warranted. Because of the presence of increased pulmonary vascular reactivity in very young patients, we would not advise the use of BCPC in patients below the age of 3 months.
Study limitations
The age of 6 months was chosen arbitrarily. The decision to perform a BCPC at an early age was the physician's preference and might have been dictated by clinical features of the patient such as low oxygen saturation. The retrospective character of this study is a limitation, though the time frame of the operations is quite recent so that a substantial influence due to major changes in perioperative care can be ruled out. We did not look at the duration of hospital stay, neither at the time of mechanical ventilation or of ICU stay, because these factors will not necessary reflect true morbidity.
